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Abstract 
Diet can influence the structural character-
istics of both small and large intestine. In this
study,  we  investigated  the  duodenum  and
colon of mice fed on genetically modified (GM)
soybean  during  their  whole  life  span  (1-24
months) by focusing our attention on the his-
tological and ultrastructural characteristics of
the epithelium, the histochemical pattern of
goblet cell mucins, and the growth profile of
the  coliform  population.  Our  results  demon-
strate that controls and GM-soybean fed mice
are similarly affected by ageing. Moreover, the
GM soybean-containing diet does not induce
structural alterations in duodenal and colonic
epithelium  or  in  coliform  population,  even
after a long term intake. On the other hand,
the  histochemical  approach  revealed  signifi-
cant diet-related changes in mucin amounts in
the duodenum. In particular, the percentage of
villous  area  occupied  by  acidic  and  sulpho-
mucin  granules  decreased  from  controls  to
GM-fed animals, whereas neutral mucins did
not change. 
Introduction 
Diet can influence the characteristics of the
gastrointestinal  tract  since  the  intestinal
mucous membrane is directly in contact with
food and absorbs the substances produced by
digestion. In particular, it has been reported
that the diet may affect both small and large
intestine in terms of mucosal architecture, vil-
lous height and crypt depth, epithelial cell pro-
liferation and other features.
1,2 Moreover, it is
known that diet and the histochemical charac-
teristics of goblet cell mucins and/or mucous
membrane are strictly correlated.
3
While  extensive  literature  exists  on  the
changes induced on gut histology by different
dietary factors such as fibres, pectin, cellulose,
nucleotides, etc.,
4 scarce data have so far been
reported  on  the  effects  of  diets  containing
genetically modified (GM) plants on the small
and large intestine, especially with regard to
the possible long term consequences.
5,6 In par-
ticular,  the  high  sensitivity  of  goblet  cell
mucins to different physiological and patholog-
ical conditions
3 makes them suitable markers
for monitoring diet effects on the intestine.
To this aim, in this study we investigated
some features of duodenum and colon of mice
fed on GM soybean during their whole life span
(1-24 months) by focusing our attention on the
histological and ultrastructural characteristics
of the epithelium, the histochemical pattern of
goblet cell mucins and the growth profile of the
coliform population. 
Materials and Methods
Twenty-four female Swiss mice were used.
Twelve of them were fed ad libitum on a stan-
dard laboratory chow containing 14% GM soy-
bean obtained by the insertion of the bacterial
CP4 EPSPSgene conferring a high level of toler-
ance to glyphosate, the active ingredient of the
herbicide Roundup (GTS 40-3-2).
7 In parallel,
twelve mice (controls) were fed on a diet con-
taining the same nutrition components with the
exclusion  of  the  GM  soybean,  which  was
replaced by a commercial, non-GM soybean. 
The mice were weighed before being killed
by cervical dislocation when they were 1, 12 and
24 months old. Samples of the duodenum and
colon were quickly removed and immediately
processed for light and electron microscopy. 
For histology, morphometry and histochem-
istry at light microscopy, samples were fixed
with 4% neutral buffered formalin and embed-
ded in paraffin wax. Five mm-thick cross sec-
tions  of  duodenum  and  colon  were  either
stained with hematoxylin-eosin for morpholog-
ical  examinations  or  processed  for  carbohy-
drate histochemistry using either the periodic
acid-Schiff (PAS) reaction for neutral mucins,
or the Alcian blue at pH 2.5 for acidic mucins,
or the high iron diamine-alcian blue technique
for  sulpho-mucins  according  to  the  routine
methods. For each method, ten sections from
both  duodenum  and  colon  were  stained.
Observations were performed by an Olympus
BX51 light microscope. Morphometrical analy-
ses were performed on micrographs (20X) by
using the image analysis systems CELL-B for
Windows XP. For each sample, 30 intact and
well-oriented villi and/or crypts were evaluat-
ed. The external (serosal surface) and internal
(luminal face) perimeters of the intestinal wall
were measured and their ratio was calculated
in order to evaluate the extent of villi and/or
crypts  independently  of  the  bowel  size.  The
height and total area of villi and/or crypts were
also measured (the mean area±SE measured
per  animal  was  1062379.2±26939.1  mm
2 for
duodenal villi, 143639.8±1904.5 mm
2for duode-
nal crypts and 359282.3±3542.4 mm
2for colonic
crypts);  in  addition,  the  villous  and/or  crypt
area occupied by granules stained for neutral,
acidic or sulpho-mucins were measured, and
their per cent area was calculated with respect
to the total area.
For ultrastructural morphological and mor-
phometrical evaluations, duodenum and colon
samples were fixed in a mixture of 2.5% glu-
taraldehyde and 2% paraformaldehyde in 0.1M
Sörensen  phosphate  buffer,  pH  7.4  for  3  h,
post-fixed with 1% OsO4 at 4°C for 1 h and
embedded  in  Epon.  Ultrathin  sections  were
stained  with  lead  citrate  and  observed  in  a
Philips  Morgagni  TEM  equipped  with  a
Megaview II camera for digital image acquisi-
tion.  Ten  electron  micrographs  (20,000X)  of
both duodenal and colonic enterocyte surface
were taken for each animal and the microvil-
lous extension/length ratio was evaluated by
using the image analysis systems Image Pro-
Plus for Windows 95. 
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samples  were  collected  weekly.  They  were
aseptically weighed, 9 mL of PBS/g of faeces
(vol/wt) were added, and the mixture was incu-
bated for 15 min at 25°C. For the detection of
total coliform count, 8-fold dilutions were car-
ried out and 1 mL of each dilution was surface
plated  in  triplicate  on  MacConkey  Agar
(Oxoid) and incubated at 37°C for 24 h. The
following identification tests were performed:
Lactose fermentation, Triple Sugar Iron Agar
(TSI) (OXOID) and API 20 E (BioMérieux). 
Since all parameters analysed may undergo
modifications due to either the age of the ani-
mals or the diet or both of them, statistical com-
parisons  were  performed  by  the  two-way
ANOVA test to evaluate the factors “age” and
“food” as well as the interaction term between
these  two  factors.  Furthermore,  in  order  to
determine which pairs of samples tended to dif-
fer for the age factor, the Tukey’s HSD test for
multiple comparisons was used (post-hoc test). 
Results and Discussion
At sacrifice, mouse body weight varied from
21  to  38  g,  without  significant  differences
between control and GM-soybean fed animals
of the same age. Neither macroscopic alter-
ations nor pathologic lesions were observed in
the whole intestine or in other organs at the
time of death. According to previous studies,
5
this demonstrates that the GM soybean-con-
taining diet does not affect the gross anatomy
or the histopathological features, even after a
long lasting intake.
The epithelium covering the free surface of
the  mucous  membrane  was  simple  columnar
and no structural alteration was observed in any
animal; the villi showed finger-like, tongue-like
or  branched  shapes,  without  apparent  differ-
ence between control and GM soybean-fed mice
(Figure 1a, b). Duodenal and colonic entero-
cytes revealed similar ultrastructural features
in  control  and  GM-fed  animals:  the  cells
appeared  markedly  elongated  and  polarised,
with a basal nucleus and an apical brush border
(insert in Figure 1a, b). No evident morpholog-
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Figure  1.  Duodenum  (a)  and  colon  (b)  of  GM-fed  mice;  hematoxilin-eosin  staining.
Insets: electron microscopic details of enterocyte microvilli. Colon of control (c) and GM-
fed (d) mice; PAS staining for detection of neutral mucins. Duodenum of control (e) and
GM-fed (f) mice; Alcian blue pH 2.5 staining for detection of acidic mucins: note the
lower amount in the GM-fed mouse. Duodenum of control (g) and GM-fed (h) mice;
high iron diamine-alcian blue technique for detection of sulpho-mucins: note the lower
amount in the GM-fed mouse. Bars: 50 mm; insets 0.5 mm.
Table 1. Morphometrical analyses in duodenum and colon of control and GM-fed mice (mean±SE).
Age  Mice Duodenum Colon
Int/ex  Villous height villous area Crypt height Crypt area Int/ex Crypt height Crypt area
perimeter (mm) (mm²) (mm) (mm²) outline (mm) (mm²)
1 month Control 5.85±0.54 379.20±10.20 30538.10±699.01  118.55±6.19* 4849.20±224.50* 3.14±0.14 315.62±14.56* 13161.67±794.14
GM fed 6.64±0.55 361.70± 8.50 28158.50±1013.20 124.30±3.60* 4558.90±176.30* 3.69±0.30 309.45±13.48* 12052.09±731.36
12 months  Control 6.36±0.48 507.01±16.10 39007.90±1223.40 133.60±5.02 5183.30±219.80 3.33±0.17 295.12± 11.36* 11819.21±429.91
GM fed 7.26±0.38 511.80±10.40 41174.50± 994.10 144.90±3.80 5108.60±105.02 3.04±0.21 283.64±7.70* 12267.04±378.20
24 months  Control 7.02±0.50 450.20±12.70 35171.90±1225.10 116.30±3.01* 4571.20±198.50* 3.61±0.24 276.33±10.45 12203.95±763.31
GM fed 6.76±0.35 423.40±8.30 33868.80±950.70 123.30±3.40* 4338.80±203.10* 3.92±0.35 278.41±12.40 11980.33±652.36
*Indicate similar values between age groups (post-hoc test).
Table 2. Ultrastructural morphometrical evaluation of the microvillous extension/length
ratio in duodenum and colon of control and GM-fed mice (mean±SE).  
Age Mice Duodenum Colon
microvillous  microvillous
extension/length extension/length
1 month Control 9.99±0.54* 7.21±0.69*
GM fed 9.85±0.53* 8.77±0.62*
12 months Control 10.38±1.18* 8.50±1.13*
GM fed 9.96±0.88* 7.49±0.52*
24 months Control 8.00±0.64 5.89±0.32
GM fed 6.88±0.75 4.74±0.33
*Indicate similar values between age groups (post-hoc test).
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cytoplasmic  organelles,  i.e.,  the  rough  and
smooth endoplasmic reticulum, Golgi complex
and  mitochondria,  between  the  two  animal
groups  in  both  duodenum  and  colon  (not
shown). These observations demonstrate that
the  glyphosate-tolerant  GM  soybean  adminis-
tered to mice for 1, 12 and 24 months does not
induce structural alterations in duodenal and
colonic epithelium, as seen at light and electron
microscopy. The morphological data were con-
firmed by the morphometrical results (Tables 1
and 2), which excluded any significant differ-
ence due to the food factor (Tables 3 and 4). 
As for the structural changes related to age
observed in both duodenum and colon of both
animal  groups,  they  are  consistent  with  the
results of several studies describing the effects
of aging on the intestine:
8 since the height of
villi and the extension of microvilli in the small
intestine  are  related  to  the  digestive  and
adsorptive capability,
9 the low values observed
in 1 month-old mice (which cannot be consid-
ered as mature mice yet) could be related to
the incomplete development of the digestive
tract, while the reduction found in 24 month-
old mice could be associated with a decreased
intestinal functionality.
On  the  other  hand,  the  histochemical
approach revealed some age- and diet-related
differences.
Neutral mucins increased with increasing
age in both animal groups and there was a
similar  staining  pattern,  without  significant
differences in GM-fed and control mice (Figure
1c, d) (Tables 5 and 6). The amount of acidic
mucins increased from 1 to 12 months old con-
trol  mice,  while  decreasing  in  the  duodenal
villi of 24 months old animals: the low amount
of acidic mucins in young mice could again be
related to their still incomplete development of
the intestine, whereas the decrease in acidic
and  sulpho-mucins  (which  are  particularly
efficient in protecting against bacterial pene-
tration),
1 and the parallel increase in the less
viscous neutral mucins in 24 months old mice
is consistent with the reduced resistance to
intestinal infections typical of the old age.
8,10
The  modification  pattern  of  acidic  and
sulpho-mucins is similar in control and GM-fed
mice, at all the ages considered. However, in
the duodenal villi of GM-fed animals, a lower
amount  of  acidic  mucins  (Figure  1e,  f)  and
sulpho-mucins (Figure 1g, h) was observed in
comparison to controls. This was confirmed by
morphometrical  and  statistical  analyses
(Tables 5 and 6) and by the significant interac-
tion term between the factors “age” and “food”. 
Changes in the intestinal mucins are direct-
ly linked to the dynamic equilibrium between
their  biosynthesis  by  goblet  cells  and  their
degradation within the lumen by the microflo-
ra, and the levels of mucins may vary in the
epithelium according to the diet and to bacte-
ria inhabiting the digestive tract.
3 As our data
on coliforms demonstrated similar growth pro-
Original paper
Table 3. Morphometrical characteristics of mouse duodenum and colon: results of the statistical analysis (two-way ANOVA test) concerning
the factor “age”, “food” and the interaction term “age-food” (statistical significance was set at P≤0.05). 
Duodenum Colon
Int/Ext  Villous height Villous area Crypt height Crypt area Int/Ext Crypt height Crypt area
perimeter (mm) (mm²) (mm) (mm²) outline (mm) (mm²)
age P=0.567 P<0.001 P<0.001 P<0.001 P<0.001 P=0.094 P=0.007 P=0.594
F=0.57 F=81.36 F=51.84 F=10.62 F=8.18 F=2.44 F=5.04 F=0.52
df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2
food  P=0.299 P=0.142 P=0.553 P=0.710 P=0.169 P=0.405 P=0.389 P=0.511
F=1.09 F=2.17 F=0.35 F=0.14 F=1.91 F=0.70 F=0.75 F=0.43
df =1 df=1 df=1 df=1 df=1 df=1 df=1 df=1
age-food P=0.402 P=0.337 P=0.081 P=0.007 P=0.810 P=0.305 P=0.886 P=0.409
F=0.92 F=1.09 F=2.54 F=5.14 F=0.21 F=1.21 F=0.12 F=0.90
df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2
F: ratio of the variance calculated among the means to the variance within the samples. df: degrees of freedom.
Figure 2. Growth profile of mouse intestinal coliform population in absence (blue line) or
presence (red line) of GM soybean. Data represent the mean values of three experiments.
Table  4.  Ultrastructural  morphometrical
evaluation of microvillous extension/length
ratio in mouse duodenum and colon: results
of the statistical analysis (two-way ANOVA
test) concerning the factor “age”, “food” and
interaction term “age-food” (statistical sig-
nificance was set at P≤0.05). 
Duodenum Colon
microvillous microvillous
extension/length extension/length
age P=0.013 P<0.001
F=4.59 F=10.85
df=2 df=2
food  P=0.125 P=0.710
F=2.41 F=0.14
df=1 df=1
age-food P=0.427 P=0.088
F=0.86 F=2.63
df=2 df=2
F: ratio of the variance calculated among the means to the vari-
ance within the samples. df: degrees of freedom.
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likely  that  the  differences  observed  in  the
amount  of  mucins  might  be  related  to  the
effect of the GM-containing diet. However, at
the present state of the research, the factor(s)
responsible for the modifications in duodenal
mucin  production  are  still  to  be  identified:
actually, the GM soybean used in this study has
been treated with the herbicide Roundup to
which it had been rendered tolerant, and it is
impossible to choose whether the differences
observed may be related to the GM soybean
itself or to herbicide residues possibly present
in the feed. In fact, studies on the effects of
Roundup or its active ingredient, glyphosate,
have demonstrated alterations of the intestin-
al mucosa in different animal.
5 Anyhow, acidic
and  sulpho-mucins  are  characterised  by  a
higher  viscosity  compared  to  the  neutral
mucins,  thus  conferring  a  higher  degree  of
protection to the intestinal surface,
1 and their
decrease could make the intestine less resist-
ant to infections. Interestingly, only the duode-
nal tract appears to be affected by the diet: it is
tempting  to  speculate  that  the  food  compo-
nents  cannot  affect  the  colon  epithelium
because they have already been mostly degrad-
ed by the digestive enzymes when they reach
this intestine tract. 
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Table 5. Quantitative evaluation of mucin granules percentage in duodenum and colon of control and GM-fed mice (mean±SE). age
mice Duodenum Colon 
% neutral  % neutral % acidic  % acidic  % sulpho- % sulpho- % neutral  % acidic  % sulpho-
mucin  mucin mucin mucin mucin mucin mucin mucin mucin
granules  granules granules  granules granules granules granules granules granules
in villi in crypts in villi in crypts in villi in crypts in crypts in crypts in crypts
1 month Control 1.44±0.15 7.97±1.01 0.58±0.04 3.07±0.26 0.76±0.04 3.84±0.25 30.41±1.95* 25.48±1.29 25.88±1.42*
GM fed 1.53±0.13 9.65±1.06 0.42±0.03 3.20±0.29 0.60±0.04 4.29±0.25 29.09±1.52* 25.82±1.42 24.72±1.21*
12 months Control 1.83±0.13 14.31±1.47 1.24±0.05* 6.53±0.55 1.23±0.04 5.73±0.28 27.07±1.23 28.09±1.98 29.39±1.27
GM fed 1.84±0.15 12.84±1.32 1.11±0.06* 7.01±0.53 1.33±0.07 6.22±0.26 26.87±0.92 29.43±1.39 28.35±0.65
24 months Control 2.20±0.15 16.79±0.70 1.06±0.06* 9.93±0.64 1.28±0.08 5.70±0.28 32.71±0.90* 27.11±1.58 26.68±1.53*
GM fed 2.01±0.17 18.21±0.85 0.87±0.04* 10.40±0.31 1.17±0.10 4.85±0.19 33.54±1.35* 30.46±1.37 27.95±0.76*
*Indicate similar values between age groups (post-hoc test).
Table 6. Quantitative evaluation of mucin granules in mouse duodenum and colon: results of the statistical analysis (two-way ANOVA test)
concerning the factor “age”, “food” and interaction term “age-food” (statistical significance was set at P≤0.05). 
Duodenum Colon
neutral mucin  neutral mucin acidic mucin acidic mucin sulpho-mucin sulpho-mucin neutral mucin acidic mucin sulpho-mucin
granules  granules granules  granules  granules  granules  granules  granules  granules 
(villi) (crypts) (villi) (crypts) (villi) (crypts) (crypts) (crypts) (crypts)
age P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P=0.169 P=0.020
F=8.05 F=33.23 F=92.03 F=104.47 F=53.39 F=27.94 F=14.46 F=1.79 F=3.95
df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2
food  P=0.8164 P=0.541 P=0.030 P=0.352 P=0.036 P=0.894 P=0.833 P=0.302 P=0.751
F=0.05 F=0.38 F=4.75 F=0.87 F=4.45 F=0.02 F=0.04 F=1.07 F=0.10
df=1 df=1 df=1 df=1 df=1 df=1 df=1 df=1 df=1
age-food P=0.634 P=0.292 P=0.029 P=0.908 P=0.039 P=0.014 P=0.745 P=0.571 P=0.463
F=0.46 F=1.24 F=1.53 F=0.10 F=3.29 F=4.34 F=0.29 F=0.56 F=0.77
df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2 df=2
F: ratio of the variance calculated among the means to the variance within the samples. df: degrees of freedom.
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